 Enteric bacterial phenolic compounds occur at high concentration in cheetah urine.
Introduction
The cheetah (Acinonyx jubatus) is a highly specialised large felid, listed as vulnerable on the International Union for Conservation of Nature (IUCN) red list and the last surviving member of the Acinonyx genus [1] . Considered to be the world's fastest land mammal [2] , this species is quite unique it terms of its morphological features that have been described to be somewhat intermediate between that of a wolf and other felids [3] .
In captivity, cheetahs are known to suffer from a number of unusual diseases not typically seen in other captive felids. These include lympho-plasmacytic gastritis [4] with associated renal amyloidosis [5, 6] , glomerulosclerosis [7, 8] , hepatic veno-occlusive disease [9] , splenic myelolipomas [10] , cardiac fibrosis, adrenal cortical hyperplasia with lymphocyctic depletion of the spleen [7] , as well as several idiopathic neurological disorders [11, 12] . Gastritis and renal disease eventually affect the majority of cheetahs in captivity and are considered to be the primary cause of morbidity and mortality in adults [7] . In contrast, these diseases are rarely detected in free-ranging individuals [13] . Stress, lack of exercise, low genetic variability and the provision of unnatural diets in captive facilities have been proposed as potential causal factors, but to date convincing pathophysiological explanations for these diseases have been lacking or unsatisfactory.
Urine is valuable from an analytical point of view as it contains a large number of metabolites, produced by homeostatic mechanism within an organism, that are likely to remain relatively unaltered if collected soon after capture and immobilization. Urinary organic acids are a broad class of water-soluble end-products and intermediates of a wide range of metabolic pathways, including the metabolism of amino acids, carbohydrates, fatty acids, ketones and biogenic amines. The quantification of urinary organic acids has primarily been used in the detection and management of inborn errors of metabolism [14] . Changes in the urinary excretion of organic acids have, however, also provided valuable information for the early diagnosis of metabolic [15, 16] and neurological disorders [17, 18] and have broadened our understanding of the metabolic alterations associated with intestinal dysbiosis [19] , and malnutrition in humans [20, 21] .
Despite their broad potential application [22, 23] , metabolome studies have, to date, rarely featured in veterinary studies. Comprehensive metabolic profiles of zoo or other captive wildlife species have not been reported in the literature and only a handful of metabolome studies have been conducted on free-ranging species [24] [25] [26] . Research on the urine metabolites in wild felids have been limited to the study of compounds that are considered important in territorial marking and other behaviours [27] . In the present study we document the organic acid metabolites in urine from cheetahs using gas chromatography-mass spectrometry (GC-MS) in order to develop a basic understanding of their metabolism, and generate new hypotheses for further investigations into the mechanisms of diseases they suffer from in captivity. The findings provide a baseline of reference values in cheetahs on which future research can be built.
Materials and Methods

Ethical and Permit considerations
The project was approved by the National Zoological Gardens of South Africa's Research and Ethics Committee (Project no. P11/07). A research/collecting permit (1846/2013) was obtained from the Namibian Ministry of Environment and Tourism and the samples were imported into South Africa with the required CITES export (no.0042838) and import (no. 137670) permits, as well as a veterinary import permit (no. 13/1/1/30/2/10/6-2013/11/002397). Once in South Africa, the samples were transported and stored with the required national Threatened or Protected Species (TOPS) ordinary permit (no. 05238).
Sample collection
Urine was collected from 41 (23 males and 18 females) apparently healthy adult cheetahs, with ages ranging from 2 to 14 years housed at the AfriCat Carnivore Care Centre near Otjiwarongo in Namibia during routine annual health examinations. All of the cheetahs at the centre were wild-born and rescued as cubs (< 12 months of age) from commercial farmland in central Namibia. They either form part of AfriCat's rescue and release programme or are deemed unsuitable for release and are maintained in captivity for conservation education and 
Urine specific gravity and creatinine determination
The urine was thawed at room temperature. The urine specific gravity (SG) was measured with a hand held refractometer (RHC-200), calibrated with distilled water. The creatinine concentration of each sample was determined by an enzymatic method on an Indiko Clinical Chemistry Analyzer (Thermo Scientific) using the manufacturer's kit and instructions.
Organic acid analysis
The methodology for the organic acid analysis was described by Rinaldo 2008 [28] and subsequently modified and performed as described by Reinecke et al [29] . In short, 100 µl of the internal standard (3-phenylbutyric acid, 52.5mg/dl, Sigma Chemical Company) was added to 1ml of urine and acidified to a pH < 2 with 5N HCl. The organic acids were extracted with 5 ml ethyl acetate and 3 ml diethyl ether consecutively by shaking for 15 minutes. After centrifugation, the organic phase was removed and pooled in a 10 ml Kimax tube dried with sodium sulphate, centrifuged again and transferred to a second clean Kimax Metabolite concentrations were corrected relative to urine specific gravity (SG) as described by Miller et al [30] , where:
The SG target is a population mean SG, which in this study is equal to 1,054.
A data matrix was created by aligning all the metabolites against the samples using MATLAB [31] .
Identification and synthesis of unknown metabolites
Tentative identification of metabolites was made by spectral comparison using the NIST Mass Spectral Search Program (Version 2.0.g). The definitive identification of unknown compounds was achieved by comparison to synthetically produced metabolite standards. Nacetylglycine conjugates were prepared using the method described by Furniss et al [32] . The acylchloride component of the organic acids (benzoate, phenylacetate, phenylpropionate, 4-hydroxyphenylacetate, 4-hydroxyphenylpriopionate and 4-hydroxyphenylacrylate) were prepared as described by the same authors. The N-acetylglycine/glutamate conjugate was prepared by dissolving 0.5g of the amino acid in 10ml (10%) sodium bicarbonate to which 1 gram of acylchloride was added. The mixture was then mixed on a rotary wheel for an hour.
The product was extracted with ethylactetate after lowering the pH to < 2 with 6 N HCl, dried, derivitized and then analysed using GC-MS.
Statistical analyses
All results are reported as mean concentrations and standard deviations. Spearman's rank correlation coefficients ( ) and -values were calculated for organic acid concentrations relative to age. Correlations were deemed important if and . Principal component analysis (PCA) and partial least squares discriminant analysis (PLS-DA) were performed to compare the organic acid concentrations of male versus female cheetahs after auto scaling. PCA is an unsupervised (i.e. using no group information to explain observed variation) method used here to assess the generalizability of the supervised PLS-DA model.
All analyses were done using IBM SPSS Statistics Version 22 [33] or MetaboAnalyst 3.0 (www.metaboanalyst.ca) software [34] .
Results
A total of 339 different organic acids could be annotated and quantified from the GC-MS data. Of these metabolites 140 were not detectable in more than 80% of the samples and were therefore excluded, leaving 199 variables for statistical analysis. A representative chromatogram of the urinary organic acids of one of the cheetahs is shown in Figure 1 . The mean concentrations of the thirty most abundant organic acids are listed in Table 1 . The most abundant organic acids in the cheetahs urine were an unidentified compound with a total molecular mass of 362 (annotated Unknown 362), and a compound tentatively identified as Excretion of several metabolites including pantothenic acid, citramalic acid, 2 deoxy-3,5-dihydroxypentonic acid-γ-lactone, N-acetylisoleucine, ribose, 3-hydroxyphenylacetic acid and vanillylmandelic acid decreased significantly relative to age, while glutaric acid, 2-hydroxyundecanoic acid and 1,2-dihydroxybenzene excretion were positively correlated with age ( Table 2) . Comparison of urine organic acid profiles between male and female cheetahs resulted in separation of the groups by the PLS-DA (Figure 4 ), but no separation in the PCA ( Figure 5) . A list of six metabolites responsible for the separation, with PLS-DA VIP scores , Mann-Whitney and effect size ( so that was generated (Table 3) . The urinary creatinine concentrations did not differ between males and females, ranging from 12.9 mmol/L to 115.4 mmol/L with a mean of 48.64 mmol/L. Urine SG values ranged from 1.030 to 1.080 with a mean of 1.054 and were significantly higher in females than in males (p = 0.0173), but the mean difference was relatively small (0.007). Mean urine creatinine values initially increased relative to age, reaching a peak between three and seven years of age, after which they declined rapidly ( Figure 6 ). Amino acid conjugation in the mammalian hepatic and renal cells appears to be the primary method of aromatic phenolic compound metabolism prior to urinary excretion. This reaction takes place within the mitochondria in a two-step process which firstly involves the formation a xenobiotic acyl-coenzyme A (acyl-CoA) thioester followed by conjugation to glycine [37] .
There is mounting evidence that many of the microbial phenolic compounds absorbed from the colon as well as the reactive acyl-CoA thioesters formed prior to conjugation are potentially toxic to the host organism (reviewed in [38] ). For example, it has been demonstrated that, even at fairly low concentrations, the phenolic acids formed by bacteria during sepsis stimulate the production of reactive oxygen species (ROS) in isolated liver mitochondria and inhibit the activity of Complex 1 in the electron transport chain [39] . The acyl-CoA thioesters are reactive and able to modify proteins, inhibit enzymes and act as alternative substrates leading to the production of abnormal metabolites [37] . diamine is likely to be metabolised from cadaverine through transmethylation, as shown in Figure 7 , in a similar way to the production of substances such as N,N-dimethyltryptamine (DMT) [40] . Cadaverine is a malodourous diamine produced by the bacterial decarboxylation of lysine [41] and has been shown to be mildly toxic to rats [42] . In captive cheetahs, the high protein intake from muscle meat, could potentially result in increased lysine being available for colonic bacterial decarboxylation. The potential toxic effects of cadaverine or its methylated derivative are unknown in the cheetah. The high concentrations, detected in the urine of captive individuals, warrants further investigation of the potential toxicological effects of these compounds. Since the incidence and severity of glomerulosclerosis, adrenal hyperplasia and gastritis correlate positively with age in captive cheetahs [8, 43] , we evaluated the association between urinary organic acid metabolites and the age of the cheetahs (Table 3 ). The three metabolites that correlated most strongly with age, namely pantothenic acid, citramalic acid and glutaric acid, are all in some way associated with CoA metabolism. Pantothenic acid, an important component of CoA and acyl carrier proteins, correlated negatively with age ( ). This B vitamin is normally abundant in many food sources, mostly in the form of CoA, but concentrations in muscle meat are approximately 7 to 10 times lower than in organ meats such as liver and kidney [44] . Since dietary intake in captive cheetahs is, however, unlikely to change with age, reduced intestinal absorption or the increased utilization of pantothenic acid could explain the reduced renal excretion of this vitamin in older cheetahs. An increased demand for CoA could reduce the available pool of pantothenic acid and therefore result in reduced renal excretion. Citramalic acid is a degradation product of itaconic acid in a process that also requires CoA [45] and lower concentrations in older cheetahs could therefore also be explained by a relative age-related CoA deficiency. Glutaric acid is an intermediate in the degradation pathway of tryptophan, lysine and hydroxylysine.
In mammals the utilization of glutaric acid requires its mitochondrial activation to glutarylCoA, a reaction that once again necessitates CoA [46] . The role of potential CoA depletion in older cheetahs therefore requires further investigation.
The quantification of urinary metabolites is ideally done on the combined urine collected from an animal over a 24-hour period. Such 24-hour samples are impractical for obvious reasons in non-laboratory animals. Over the last few decades, creatinine excretion has most commonly been used to correct urine metabolite concentrations, as this breakdown product of creatine phosphate is thought to be produced at a fairly constant rate, is independent of diuresis and is excreted unchanged by the kidneys [47] . Concerns have, however, been raised about the universal use of creatinine excretion to correct urine metabolite concentrations [48] .
Creatinine excretion in this population of cheetahs was highly variable with more than an eight-fold difference between minimum and maximum concentrations. Urine creatinine concentrations appeared to be largely influence by age, with a peak in excretion reached at between four and six years of age, followed by a decline with advancing age. Relying on urine creatinine to correct or "standardize" urine metabolite concentrations would therefore potentially result in the overestimation of metabolite concentrations in younger and older cheetahs. Variability in urine SG was considerably lower, as would be expected in a carnivorous mammal where water balance is tightly regulated [49] . In cheetahs, where dietary protein intake is fairly similar between individuals, and where they are starved for the same period of time prior to sample collection, urine SG is in our view likely to provide a better indication of urine dilution and should therefore provide a more accurate means of correcting urine metabolite concentrations. Future studies should ideally evaluate the accuracy of various urine metabolite correction methods in this species.
Conclusion
It appears that a large proportion of the most abundant organic acids detected in the urine of captive cheetahs are the product of bacterial enteric amino acid fermentation. It is currently not clear if these metabolites are a normal feature of cheetah urine or the product excessive protein in the diet of captive individuals. Evidence from other studies, however, suggests that particularly the phenolic compounds and their acyl-CoA thioesters, formed prior to glycine conjugation could negatively impact the health of these animals [38] . Efforts have already been made to collect urine from a sufficient number of healthy free-ranging cheetahs for comparison. Dietary trials, combined with metabolomic and intestinal microbiome studies would also provide further important insights into these questions. This study importantly provides a baseline of data on the urine organic acids excreted by captive cheetahs and sets the stage for future investigations into the metabolism and health of these animals.
